Long-distance migrants are, by definition, highly mobile but it is poorly understood if this leads to high rates of gene flow and an essentially panmictic global population structure. Genetic divergence in migratory species could be promoted, for example, by fidelity to distinct migratory pathways. In this study, we investigate the population genetic structure of tufted duck (Aythya fuligula), a long-distance migrant with a largely continuous breeding distribution across Eurasia. Distinct, longitudinally oriented flyways have been postulated based on geographically disjunct wintering areas and are supported by evidence from ringing data. We generated sequences of the mitochondrial control region and multi-locus microsatellite genotypes for several hundreds of samples from the European and Asian breeding and wintering grounds including some individuals infected with highly pathogenic avian influenza virus H5N1. Significant differentiation between breeding sites was observed for both marker types, but F ST values were approximately 10 times higher for maternally inherited mitochondrial DNA than for biparentally transmitted nuclear markers. The genetic differentiation between the postulated European and Asian flyways was similar to that observed within continents and, in general, genetic divergence was not associated with geographic distance. Neither marker type showed evidence of genetic substructure among aggregations on the European wintering grounds. Our results suggest some breeding site fidelity, especially in females, but extensive population admixture on the wintering grounds. Several scenarios may explain the observed lack of genetic divergence between Europe and Asia including non-equilibrium conditions following a recent range expansion or contemporary gene flow across the postulated migratory divides.
INTRODUCTION
Migration refers to the species' movements that are predictable both in time and space and very often involve seasonal shifts between different feeding and breeding grounds, which may be separated by thousands of kilometres (Berthold, 2001) . Some of the most spectacular examples of long-distance migration come from birds, for example, the Arctic tern (Sterna paradisaea), which completes round trips between Arctic breeding grounds and Antarctic wintering areas each year (Berthold, 2001) . Dispersal, on the other hand, is defined as the movement between natal and breeding areas, or two consecutive breeding sites, and may or may not result in actual gene flow between populations (Clobert et al., 2001; Schweizer et al., 2007) . The high mobility of long-distance migrants could have profound implications for their population structure as it may allow dispersal and gene flow at macrogeographic scales. In the most extreme case, an entire species could then be composed of a single panmictic population.
The recognition of population substructure or the absence thereof is relevant both for fundamental and applied research. Depending on the rate and spatial patterns of gene flow, a species may be composed of subpopulations that are genetically distinct and may have unique adaptations to local environments. The rate of dispersal will also determine the extent to which demographic patterns of growth or decline are coupled between populations, which may have significant implications for population persistence (Clobert et al., 2001) . Finally, migrating animals can carry and potentially spread parasites and pathogens (Altizer et al., 2011) , which, in the case of zoonotic pathogens, may have direct consequences also for human health. A debated issue in this context has been the role of migratory waterfowl in the global spread of highly pathogenic avian influenza virus H5N1 (Gilbert et al., 2006) . Infected individuals were repeatedly found among various species of wild birds, especially ducks including the tufted duck (Aythya fuligula; World Organization for Animal Health, online resources), and it seems likely that wild birds may have contributed to the spatial spread of H5N1, probably together with human activities like poultry trade (Gilbert et al., 2006; Kilpatrick et al., 2006) .
Population subdivision in spite of high mobility may exist if individuals are philopatric and consistently return to the same breeding grounds. In fact, evidence of different subpopulations characterized by some genetic divergence is available from several long-distance migrants, like the dunlin Calidris alpina (Wennerberg, 2001 ) or Swainson's thrush Catharus ustulatus (Ruegg and Smith, 2002) . Three main factors are typically thought to favour philopatry (Lawson Handley and Perrin, 2007) : high direct costs of dispersal, advantages of familiarity with feeding or breeding grounds and, finally, benefits of kin cooperation. Clearly, the latter two explanations would seem more relevant for long-distance migrants where direct costs of dispersal are probably comparatively low. Site fidelity may also be observed outside the breeding season and, again, could be favoured, for example, if familiarity with feeding sites is advantageous. Individual fidelity to non-breeding grounds may also have direct consequences for genetic population structure if pairs are formed there (Robertson and Cooke, 1999) . In fact, in many migratory waterfowl, including the tufted duck, pairs are formed on the wintering grounds (Robertson and Cooke, 1999) and, as a result, non-random use of different wintering grounds could lead to genetic divergence between different populations.
The tufted duck, A. fuligula, is the most numerous and widespread diving duck in the world (population size estimates 2.6-2.9 million individuals; Birdlife International, 2011), with most populations being migratory. There are no morphologically recognized subspecies, and the breeding range is mostly continuous covering the temperate and northern regions of the entire Palaearctic (Cramp and Simmons, 1977; Scott and Rose, 1996) . Blums and Baumanis (1990) distinguished four geographical subpopulations of tufted ducks based on their spatially disjunct wintering grounds in Europe, the Caspian Sea/ Nile area, India and Southeast Asia, respectively. Within Europe, a further subdivision has been proposed into a north-western population wintering around the North Sea and a south-eastern population wintering in central Europe and around the Mediterranean and Black Seas (Scott and Rose, 1996) . This split is in line with the observation that birds ringed on Swiss wintering grounds are reencountered only in continental Europe in the same or subsequent winters but not in Britain (Fränzi Korner-Nievergelt, personal communication). However, the wintering areas of the two European subpopulations overlap to some extent along the North Sea coast, and they share breeding grounds in Europe and in Siberia east to the river Ob (Hofer et al., 2005) . Consequently, we would not predict significant genetic divergence between these two European wintering populations. However, genetic isolation seems more likely between the European and Asian flyways. Limited information from ringing data suggests considerable fidelity to large-scale wintering regions (Hofer et al., 2005) and quite clear longitudinal separation between the breeding grounds of the birds wintering in Europe and India, respectively ( Figure 14 of Hofer et al., 2005) . Based on these observations, we may postulate several genetically differentiated subpopulations within Eurasian tufted ducks associated with migratory divides (see Figure 1) .
The primary aim of this study was to quantify the extent of such genetic differentiation and to delineate potential subpopulations of Eurasian tufted ducks. We combined markers with maternal and biparental modes of inheritance to investigate sex-specific differences in the rates of gene flow and provide a detailed picture of the rangewide genetic population structure of this long-distance migrant. Our samples included some highly pathogenic avian influenza H5N1-positive individuals from the Swiss and German wintering grounds, and an additional goal was to identify the potential breeding origin of these ducks using genetic assignment methods.
MATERIALS AND METHODS

Sample collection and DNA extraction
Samples of tufted ducks were collected at different localities throughout the species' Palaearctic distribution range during our field expeditions to the Baltic States, Russia and China in 2008 and , and through ringing and research schemes and hunting associations during [2006] [2007] [2008] [2009] . The majority of samples were collected on breeding (June-August) or wintering grounds (NovemberFebruary; Supplementary Table S1). We collected mostly feathers in a noninvasive manner, but also some muscle, blood or egg-membrane samples.
Tissue samples were also obtained from museum collections. In addition, DNA samples from three and eleven individuals identified as H5N1-positive by the national reference laboratories were available from Switzerland and Germany, respectively. In total, 366 samples were available from 36 localities in 19 countries (Figure 1, Supplementary Table S1 ). Localities with nX8 were defined as population samples and included in all population genetic analyses, whereas samples from other sites were incorporated in phylogeographic analyses only. Tissue samples were stored at À25 1C or in absolute ethanol. Genomic DNA was extracted using a standard phenol-chloroform extraction protocol.
Mitochondrial DNA (mtDNA) sequencing
The complete mitochondrial control region (ctr, approximately 1300 bp) was amplified using a primer pair, L1 (5 0 -ACAAAATAAGTCATTATTCCTGCTC-3 0 ) and H1 (5 0 -TTTGCACTCATTGCTTAATGTT-3 0 ), newly designed based on a sequence from mallard (Anas platyrhynchos; EMBL accession no.: L22477). The amplification was performed in a GeneAmp PCR System 9700 (Applied Biosystems, Carlsbad, CA, USA) in a reaction volume of 25 ml containing 12.5 ml H 2 O, 2 ml template DNA (20-100 ng ml À1 ), 4.8 ml dNTPs (2.5mM), 2.5 mM MgCl 2 , 1 ml of each primer (10 pmol ml À1 ), 0.2 ml Taq polymerase (5 units ml À1 ; Qiagen, Hilden, Germany) and the associated buffer at 1x concentration. The PCR cycling protocol was the following: 2 min at 93 1C, followed by 35 cycles of 30 s at 93 1C, 30 s at 54 1C, 1 min at 72 1C and a final extension step of 7 min at 72 1C. PCR products were purified with the GenElute PCR clean-up kit (Sigma-Aldrich, Dorset, UK) according to the manufacturer's protocol.
Two additional internal primers L78 (Sorenson and Fleischer, 1996) and L736 (Sorenson et al., 1999) were used to sequence two 650-bp fragments, which, together, yielded a 1162-bp concatenated sequence covering both hypervariable regions of ctr. The sequencing reaction was carried out in a volume of 10 ml using Terminator Ready Reaction Mix 'Big Dye' (v.3.1; Applied Biosystems) according to the guidelines of the manufacturer. The temperature profiles were as follows: 50 s at 96 1C, followed by 35 cycles of 10 s at 96 1C, 10 s at 50 1C and 4.5 min at 60 1C. The products were purified by ethanol precipitation and detected on an ABI Prism 3100 Genetic Analyser (Applied Biosystems). Sorenson and Fleischer (1996) reported the presence of nuclear copies (Numts) of the mitochondrial control region in the tribe Aythyini, including the genus Aythya. We took the following steps in order to minimize the potential amplification of Numts: First, as Numts are often short, our PCR primers were chosen to amplify a long fragment of approximately 1300 bp. Second, if multiple bands still occurred on the agarose gel, the target band was cut and reamplified prior to sequencing. Finally, we carefully examined all the sequences by comparing them with published sequences of Aythya ctr and Numts available on GenBank. Because of these precautionary measures, we are confident that the sequences we included in further analyses are of mitochondrial origin.
Microsatellite genotyping
A total of 366 individuals were screened at 14 autosomal microsatellite loci initially developed for other related species (multiplex set 1: Caud13, MM07, Sfim3, Smo11, Sfim4, MM05 and CmAAT28; multiplex set 2: Apl12, CmAAT38, Smo4, Aph13, MM03, Apl36 and Sfim2; see Table A2 in Liu et al., 2011; Stovicek et al., 2011) . The loci were combined into two multiplex PCRs and the 5 0 -end of each reverse primer was modified with a pig-tail extension to facilitate genotyping. Amplification was carried out in a 10-ml reaction volume containing 5 ml of PCR mix (Qiagen Multiplex Kit), 3 ml H 2 O, 1 ml of a primer mix and 1 ml of template DNA. All the details regarding the multiplex set up and exact primer concentrations are given in Table S2 of Liu et al., (2011) The temperature profiles were as follows: 15 min at 96 1C, followed by 30 cycles of 30 s at 94 1C, 1.5 min at 57 1C, 60 s at 72 1C and a final step for 15 min at 60 1C. Fragments were separated on an ABI Prism 3100 Genetic Analyser (Applied Biosystems) and their length was determined using GeneMapper software v.3.7 (Applied Biosystems) against an internal size standard (GeneScan-500LIZ; Applied Biosystems). Approximately 25% of the samples were reamplified and genotyped independently to ensure genotyping consistency.
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Genetic diversity indices
The mtDNA sequences were aligned using the CLUSTAL W algorithm implemented in BioEdit v.7.0 (Hall, 1999) , and the alignment was checked by eye and manually revised if necessary. The average number of pairwise nucleotide differences (K), the number of haplotypes (N H ), haplotype diversity (H) and nucleotide diversity (p) were calculated for all population samples using DnaSP v.5.0 (Librado and Rozas, 2009) .
For microsatellites, mean allelic richness (A R ), number of alleles at each locus (N A ), observed (H O ) and expected heterozygosities (H E ) were estimated for all population samples using FSTAT v.2.9.3.2 (Goudet, 2002) . Deviations from Hardy-Weinberg equilibrium and genotypic linkage equilibrium within populations were assessed using Arlequin v.3.5 (Excoffier and Lischer, 2010) and FSTAT, respectively. Significance levels were adjusted using the Bonferroni procedure within each population. Further, F IS was calculated for each population sample and its significance assessed based on 10 000 permutations in Arlequin.
Phylogeographic analysis
Based on the ctr sequences, we constructed separate unrooted haplotype networks for breeding and wintering birds using the median-joining algorithm (Bandelt et al., 1999) implemented in Network v.4.516 (http://www. fluxus-engineering.com). Additionally, phylogenetic trees were constructed using Bayesian inference in MrBayes v.3.1.2 (Huelsenbeck and Ronquist, 2001) . The Hasegawa-Kishino-Yano model allowing for among site substitution rate variation and invariable sites was selected as the best-fitting nucleotide substitution model using the Akaike Information Criterion in jModelTest v.0.1.1 (Posada, 2008) . Four independent runs with default heating temperatures were run for five million steps and sampled every 1000 th step. The first 25% of samples were discarded as burn-in. Convergence of the Markov chain Monte Carlo chains was assessed using Tracer v.1.4 (http:// tree.bio.ed.ac.uk/software/tracer/). Phylogenetic trees were rooted using a homologous sequence from redhead (Aythya americana, GenBank accession no.: NC_000877). The phylogeographic structure in the nuclear microsatellite markers was investigated with principal coordinates analyses based on pairwise Euclidian distances between individual genotypes in GENALEX v.6.2 (Peakall and Smouse, 2006) , again separately for breeding and wintering birds.
Population genetic analyses
All population genetic analyses were carried out separately for the nine breeding sites and the eight samples from wintering grounds. Analyses of molecular variance implemented in Arlequin were performed for both marker sets to assess the proportion of genetic variance explained by the hypothesized migratory divides among breeding or wintering grounds (breeding grounds: Europe (1 and 3-7; Figure 1 ), Western Siberia (9) and Eastern Siberia (14 and 15); wintering grounds: Northwest Europe (18, 22, 28 and 30) and Southeast Europe (21, 23, 25 and 26) . For mtDNA, we calculated pairwise F ST with the Tamura-Nei model, and for the microsatellite data, pairwise F ST using the Weir and Cockerham estimator in Arlequin. Significance was assessed based on 10 000 permutations, with significance levels adjusted for multiple testing using the sequential Bonferroni procedure. Pairwise genetic differentiation was also assessed for these population samples where enough samples from females only were available (that is, nX8; CzSb, CzDi and LaEn). Similar analyses were not possible for males only because of the relatively limited number of samples from individuals with known sex. For breeding populations we tested for an association between F ST /(1 ÀF ST ) and the logarithm of geographical distance in kilometres using a Mantel test implemented in GENALEX based on 999 permutations.
For the microsatellite data, we further used the programme STRUCTURE v.2.3.1 (Falush et al., 2003) to test for genetic substructure among breeding and wintering populations, respectively. An admixture model with correlated allele frequencies was used and each run consisted of a burn-in of 100 000 steps and 500 000 Markov chain Monte Carlo steps. We conducted 10 independent runs for each K-value (K ¼ 1-9 for breeding and K ¼ 1-8 for wintering ducks, respectively) and determined the most likely number of clusters following the appraoch described by Evanno et al., (2005) , We further used discriminant analysis of principal components (PCs), a model-free multivariate method, to identify genetic clusters when prior grouping information is lacking (Jombart et al., 2010) . We performed discriminant analysis of PCs and graphically displayed our results using the package 'adegenet' (Jombart, 2008 ) in R v.2.12.0 (R Development Core Team, 2008 . In all the analyses, 33 PCs were retained in the data transformation step, which accounted for 480% of the total genetic variability. The inference of the most likely number of clusters was based on the Bayesian information criterion. The power of our microsatellite markers to detect given levels of population differentiation was assessed in POWSIM v.4.0 (Ryman and Palm, 2006) . We generated 1000 data sets each for six pre-defined levels of population differentiation (F ST ¼ 0.001, 0.0025, 0.005, 0.01, 0.02 and 0.025) with samples sizes, numbers of markers and allele frequencies corresponding to the empirical data. Statistical power was defined as the proportion of times the null hypothesis of equal allele frequencies across populations was rejected using a Chi-square test or a Fisher's exact test.
RESULTS
Genetic diversity
The diversity indices for mtDNA and microsatellites showed high levels of genetic variation in tufted ducks (Table 1) . Overall, 1162 bp of the control region sequence from 300 individuals from 36 locations revealed 66 polymorphic sites (5.68%) defining 94 haplotypes (GenBank accession numbers JQ422386-JQ422479). Of these, 34 haplotypes were shared by 2-79 individuals each and the remaining 60 were singletons. The average number of pairwise nucleotide differences (K) was similar in samples from breeding and wintering grounds (2.75 versus 2.73; Mann-Whitney U-test, P ¼ 0.61).
A total of 366 tufted ducks from 35 localities were genotyped at 14 microsatellite loci. Three loci (Sfim3, MM07 and CmAAT 38) were monomorphic and not included in further statistical analysis. The overall number of alleles at the eleven polymorphic loci ranged from 4 (Sfim02) to 28 (Smo4) and the average allelic richness was similar in samples from breeding (4.91) and wintering grounds (5.04; MannWhitney U-test, P¼ 0.39). A total of 12 pairs of loci showed significant deviations from linkage equilibrium in population-specific tests after Bonferroni correction, however, this did not consistently involve the same pairs. Significant heterozygote deficits were observed in 24 out of 187 locus-specific tests with locus MM03 being affected 15 times (Supplementary Table S2 ). Without this locus, F IS ranged from À0.07 to 0.14, and no values were significantly different from zero (Table 1) . Exclusion of locus MM03 from further population genetic analyses had no significant quantitative or qualitative effect (results not shown).
Absence of phylogeographic pattern
The haplotype networks based on mtDNA sequences from breeding and wintering birds, respectively, showed a star-like topology with no clear geographical patterns (Figure 2 ). This result was consistent with the Bayesian trees that were marked by shallow sequence divergence and contained no well-supported basal clades (Supplementary Figures  S2 and S3) . Again, the individuals did not cluster based on their geographic origin and, in particular, we observed no basal split between Europe and Asia. The 14 H5N1-positive individuals found on Swiss or German wintering grounds showed seven different mtDNA haplotypes (Figure 2b ). Six infected ducks from three different localities in Germany and Switzerland (DEOs, DERd and CHBu; Supplementary Table S1) had the most common haplotype found in all wintering regions (and also across all breeding grounds; see Figure 2a ). Three haplotypes were singletons and the other three were shared by ducks from different wintering grounds. The principal coordinates analyses based on the microsatellite data revealed no clear geographical structure among individuals from breeding (Figure 3a ) or wintering grounds (Figure 3b ).
Population genetic analyses
Significant differentiation between breeding sites. The postulated major migratory divides in tufted ducks across Eurasia were not supported by the population-based analyses. The three geographical Table 1 Estimates of genetic variability in tufted ducks inferred from 1162 bp of the mitochondrial control region and 11 microsatellite loci Map ref.
Location labels Mitochondrial DNA Microsatellites Population structure of tufted duck Y Liu et al groups (Europe, Western Siberia and Eastern Siberia) did not explain a significant proportion of the genetic variation for mtDNA or microsatellites (Table 2 ). This between-group component remained nonsignificant for both mtDNA (F CT ¼ 0.007, P ¼ 0.387) and microsatellites (F CT ¼ 0.0006, P ¼ 0.435) when the small Western Siberian sample was excluded (site 9, Figure 1 , Table 2 ) and the analysis of molecular variance was based only on two groups (Europe versus Eastern Siberia) The molecular variation attributed to differences among populations within geographical groups, however, was significant for both marker types but larger for mtDNA (mtDNA: 17.0%, Po0.0001; microsatellites: 1.72%, Po0.0001). For mtDNA, 20 out of 36 F ST values between pairs of breeding sites were significant after Bonferroni correction (Supplementary Table S3 Samples from breeding grounds (top) were grouped by three major breeding areas (Europe, Western Siberia and Eastern Siberia). Wintering ducks (bottom) were partitioned according to two major European wintering regions. Numbers in brackets represent the map reference numbers (shown in Figure 1 ) of the sample within each group. ** Po0.001. Figure S4a) . Discriminant analysis of PCs inferred the optimal number of genetic clusters as four, but each sample contained components of at least three of these clusters (Figure 4a ), and their relative frequencies did not show a geographical pattern. Figure 4 Inference of genetic clusters using discriminant analysis of PCs (DAPCs) based on microsatellite data for tufted duck samples from breeding (a) and wintering (b) grounds. In each representation, the bottom-left plot shows the Bayesian information criterion for different numbers of clusters (K), with the optimal K indicated by a red circle. The scatter plots display the first two PCs of the DAPC for the optimal K. The inferred genetic clusters are displayed by inertia ellipses with dots representing individuals. The barplots illustrate the proportion of individuals from each sample assigned to each of these genetic clusters. Sample sizes are given in parenthesis after the sample names.
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No genetic structure among European wintering grounds. The proportion of genetic variation associated with the a priori defined wintering regions was not significantly different from zero for mtDNA or microsatellites (Table 2 ). There was also no evidence of significant substructure within wintering regions for mtDNA (global F ST ¼ 0.018, P ¼ 0.092) or microsatellites (F ST ¼ À0.001; P ¼ 0.765), and none of the pairwise comparisons were statistically significant (Supplementary Table S3 ). No evidence of genetic substructure was detected by STRUCTURE (Supplementary Figure S4b) . Again, discriminant analysis of PCs inferred the optimal number of genetic clusters as four but in each sample, individuals were assigned to at least three different clusters (Figure 4b ). The relative frequency of the inferred clusters was not associated with geography ( Figure 4b ). The power analysis showed that with our specific markers and sample sizes, we had high statistical power (40.9) to detect significant population structure for F ST X0.005 (Supplementary Figure S1 ).
DISCUSSION
Genetic differentiation and migratory divides
Genetic divergence between A. fuligula sampled across Eurasia is apparently not associated with the hypothesized migratory flyways. This was unexpected because ring recovery data suggested high fidelity of individuals to large-scale wintering regions. For example, no bird ringed on Indian wintering grounds was ever recovered in Europe (Hofer et al., 2005) . Ring recoveries also suggested quite clear longitudinal separation on the breeding grounds of birds wintering in Europe (European flyway) and India (Central Asian flyway), respectively. Our samples from Eastern Siberia should represent the proposed Central Asian flyway (Blums and Baumanis, 1990; Hofer et al., 2005) , but their genetic distinctness from the populations in the European flyway was not supported by any of our phylogeographic or population genetic analyses. It is possible that the degree of overlap between the breeding grounds of the postulated subpopulations of A. fuligula was underestimated due to the limited number of ring recoveries available from Eastern Siberia.
Many migratory bird species with a wide geographic distribution are composed of different subpopulations following distinct migratory routes. In most cases, these flyways have been delimited based on mark-recapture data but, in many species, they are also supported by the molecular data (mostly mtDNA), that is, in passerines (Ruegg and Smith, 2002; Clegg et al., 2003; Pérez-Tris et al., 2004) , waders (Wennerberg, 2001 ) and several species of waterfowl (Scribner et al., 2001; Gay et al., 2004) . Similarly, Friesen et al., (2007) found that a majority of seabirds with discontinuous distributions on the breeding or wintering grounds showed some genetic substructure. Sometimes, genetic divergence across migratory divides is only observed for one marker type, typically mtDNA in species with male-biased dispersal (Scribner et al., 2001; Gay et al., 2004) , but we are aware of only two other studies where it was absent altogether (Pearce et al., 2004; Liu et al. 2011) .
A lack of genetic divergence between migratory flyways may suggest that the migratory behaviour is generally flexible or that the migration route has recently changed in some populations. The presence of distinct flyways is often interpreted as a legacy of the ice ages. Different subpopulations would have been confined to distinct refugia, which they retained as wintering grounds following a postglacial range expansion (Ruegg and Smith, 2002) . Such periods in allopatry would lead to some genetic divergence between subpopulations, which may then be gradually eroded through gene flow. In species like tufted duck, where mating pairs are formed on the wintering grounds, gene flow would require that individuals occasionally switch between wintering regions, which, in turn, may suggest some behavioural plasticity. Alternatively, distinct migration routes can result if novel migratory strategies are adopted by some populations. Such changes may sometimes occur rapidly especially if migratory behaviour is culturally transmitted (Sutherland 1998) . These alternative scenarios, that is, recent migratory change versus current gene flow, could be distinguished, for example, through a detailed characterization of the demographic history of populations and the migratory behaviour of individuals. Overall, the lack of genetic divergence between migratory flyways detected in A. fuligula appears to be the exception rather than the rule among migratory birds.
Genetic divergence and spatial distance
The extent of genetic divergence between breeding populations of A. fuligula sampled across Eurasia seems to be largely independent of geographical distance. Although many of the pairwise comparisons between Asian and European breeding sites are significant for mtDNA (and two also for microsatellites; Supplementary Table S3), the extent of divergence is similar to values observed within continents resulting in no detectable isolation by distance. We see two possible explanations for this result: first, the populations may not be at migrationdrift equilibrium and, consequently, the observed divergence may poorly reflect the current rates of gene flow. For example, a recent range expansion could lead to the absence of isolation by distance even if gene flow is spatially restricted (Slatkin, 1993) . The western breeding range of tufted duck has expanded in the last century (Cramp and Simmons, 1977) , but no information is available about potential population size changes in other parts of the range or in the more distant past. With relatively large population sizes, it may take many thousands of generations for F ST to reach its equilibrium value (Whitlock and McCauley, 1999) . Hence, it cannot be excluded that the absence of isolation by distance across Eurasia in A. fuligula could still be a consequence of a range expansion, for example, after the last glacial maximum.
Alternatively, the absence of isolation by distance may be influenced by non-neutral processes affecting gene flow. For example, adaptation to particular local conditions unrelated to spatial distance might result in selection against immigrants and consequently against crossbreeding between some populations (Marshall et al., 2010) . Of course, the extent of local adaptation in tufted ducks is unknown and, a priori, we may not expect it to be very pronounced in a species with high active dispersal abilities, which may counteract the effects of divergent selection (Lenormand, 2002) .
Female breeding site fidelity
The extent of genetic divergence between breeding sites was 10 times higher for mtDNA than for nuclear markers. Such a pattern of elevated divergence for maternally inherited markers may suggest that gene flow is mainly mediated by males. However, several other biological and methodological factors can potentially contribute to such differences. First, the estimates of genetic differentiation may be influenced by differences in genetic variability arising from different mutation rates (Meirmans and Hedrick, 2011) . Second, the haploidy and uniparental mode of inheritance of the mitochondrial genome leads to a roughly four-fold elevation of the rates of random genetic drift compared with the nuclear genome. Finally, as a nonrecombining molecule, mtDNA may also be more strongly affected by selective sweeps and background selection (Ballard and Whitlock, 2004) , which could further reduce genetic variation. However, a strong effect of selective sweeps on mitochondrial sequence divergence between tufted duck populations is at odds with the generally high levels of genetic diversity and the presence of common and spatially widespread haplotypes. Consequently, it seems likely that sex-specific differences in the rates of gene flow at least contribute to the observed 10-fold difference in genetic differentiation between mitochondrial and nuclear markers.
High female philopatry to breeding sites is consistent with observations from Latvia where 97% of females returned to breed at the same lake where they had been ringed (Blums et al., 2002) . Unfortunately, similar estimates are not available for males. Studies on related species have also found considerably higher genetic differentiation at mitochondrial than nuclear markers, for example, in spectacled eider (Scribner et al., 2001) , red-crested pochard (Gay et al., 2004) , common eider (Tiedemann et al., 2004) and common pochard , and female philopatry and male-biased dispersal is probably a general pattern among Anatidae (Rohwer and Anderson, 1988) . This corresponds to the situation in many mammals while female-mediated gene flow is typically more common in other birds (Lawson Handley and Perrin, 2007) . The relative costs of dispersal for the two sexes are thought to be strongly influenced by the mating system, and familiarity with a site may be advantageous in birds where males are territorial (Lawson Handley and Perrin, 2007) . In tufted ducks, as in other Anatidae, offspring care is mostly provided by females (Cramp and Simmons, 1977) and advantages of local experience in the choice of feeding and breeding sites may favour female philopatry.
Population admixture on European wintering grounds
For the European wintering grounds, some subdivision between the ducks wintering in the Northwest and those wintering in Central and Southern Europe has been proposed based on information from ring recoveries (Scott and Rose, 1996) . Although individual ducks probably show high fidelity to one of these large geographical regions (Fränzi Korner-Nievergelt, personal communication), the two postulated flyways overlap extensively along the North Sea coast (Hofer et al., 2005) , which is expected to promote gene flow. In general, ringing data suggest that tufted ducks are highly mobile also outside the migration season and, within a winter, may move hundreds of kilometres between different feeding sites (Korner-Nievergelt et al., 2009) . Against this background, it is not surprising that we found no evidence of genetic differentiation among European wintering grounds. Although our southern sampling sites should be representative of the Southeast wintering population, the sites grouped as Northwest (Table 2 ) may be located in the zone where the proposed wintering populations overlap along the North Sea coast. Still, these samples do not exhibit any obvious genetic signals expected in admixed populations like elevated genetic diversity or systematic deviations from Hardy-Weinberg or linkage equilibrium.
The absence of spatially separate subpopulations on the wintering grounds may suggest that pathogens, like avian influenza viruses, could be spread widely within Europe through within-winter movements of ducks. It is clear, however, that the likelihood of disease spread and transmission will depend heavily on the consequences of infection, which are very poorly understood especially in the wild. A laboratory study found that among the eight tufted ducks experimentally infected with highly pathogenic avian influenza H5N1, the individuals showing high levels of virus excretion were also the ones exhibiting severe disease symptoms (Keawcharoen et al., 2008) . Given that the laboratory environments are usually relatively benign, the course of infection might be even more severe in the wild.
Consequently, the role of tufted ducks as vectors of H5N1 may be limited, but this remains to be tested in specific studies. It is clear, however, that the lack of a clear association between genetic variation and geography strongly limits the inferences possible with respect to the likely origin of infected individuals. In particular, the extent of nuclear genetic differentiation (global F ST ¼ 0.017) may be insufficient to use individual-based assignment methods to allocate individuals to particular breeding populations or regions based on multi-locus microsatellite genotypes (Riffaut et al., 2005; Latch et al., 2006; Gomez-Diaz and Gonzalez-Solis, 2007) . Genomic-scale marker numbers could potentially provide enough resolution for such endeavours in the future, and current progress in molecular biology will likely put these within reach soon.
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